To understand the complex soil-water interaction in an unsaturated expansive soil slope subjected to rainfall infiltration, a comprehensive instrumentation and monitoring program was carried out on an 11-m high cut slope in Hubei of China. The instrumentation included jet-filled tensiometers, thermal conductivity suction sensors, moisture probes, earth pressure cells, inclinometers, vertical movement points, artificial rainfall simulator, a tipping bucket rain gage, a vee-notch flow meter, and an evaporimeter. The technique and experience associated with each of the instrumentations are presented in this paper with an emphasis on the difference from the instrumentation in nonexpansive soils. In particular, a deliberate sealing scheme was adopted to prevent the potential bypass water flow through the shallow cracks into the installation holes for the suction sensors and the moisture probes. All the instruments worked well throughout the two month monitoring period, during which two artificial rainfall events were created. The recorded responses in pore-water pressure, water content, horizontal stress, and soil deformation were reasonably consistent with one another.
Introduction
A number of landslides in unsaturated soils were triggered by rainfall infiltration during wet seasons. Field instrumentation and monitoring for studying the effect of rainfall infiltration on slope instability have been carried out extensively on nonexpansive soils, particularly in residual soils ͑Anderson et al. 1988; Affendi and Faisal 1994; Johnson and Sitar 1990; Lim et al. 1996; Gasmo et al. 1999͒ . As far as the authors are aware, however, similar field study on expansive clays is limited. An expansive soil with active clay minerals exhibits significant swelling/shrinkage upon wetting/ drying, and has an abundance of cracks and fissures in the field. The rainfall infiltration into such a crack-rich expansive soil is a complex hydrological process ͑Flury et al. 1994͒. The field performance of such an expansive soil slope may be significantly different from that of a residual soil. The instrumentation of an unsaturated expansive soil slope should be elaborated upon with the consideration of the swelling/shrinkage characteristics of unsaturated expansive soils as well as the abundant cracks present in the ground.
An 11-m high cut slope in a typical medium-plastic expansive clay in Hubei of China, close to the "Middle-route" of South-toNorth Water Transfer Canal, was selected for a field study of rainfall infiltration on the slope stability. The field measurements included soil suctions, water content, horizontal total stresses, horizontal and vertical displacements, rainfall intensity, surface runoff, and evaporation potential. Two artificial rainfall events were created during one month of field monitoring and investigation. The field performance of the slope has been reported by Ng et al.
͑2003͒.
The main objective of this paper is to concentrate on the techniques and experience related to instrumentation and monitoring, particularly for those being different from the instrumentation in nonexpansive soils. This includes the comprehensive instrumentation program, the installation and calibration methods for each instrument, and the relevant monitoring techniques. Typical results are presented to illustrate the effectiveness of these instruments.
Testing Site
The testing site was selected at the intake canal of Dagangpo pumping station in Zaoyang, Hubei, China ͑Fig. 1͒. The intake canal was excavated in 1970 with a depth of 13 m. The slope angle following excavation was 22 deg. Several years after construction, a number of slope failures took place in succession. Parts of the masonry retaining wall at the toe of the southern slope were seriously deflected or destroyed. Most of mass movement occurred during wet seasons, and the failure mode exhibited a typical shallow retrogressive slip. The test site is a semi-arid area with an average annual rainfall of Manuscript received August 18, 2004 ; accepted for publication August 9, 2006; published online October 2006. about 800 mm and 70 % of the annual rainfall is distributed between May and September. The daily evaporation potential measured during the monitoring period ranged from 3 to 10 mm.
The test area was selected on an unfailed slope on the northern side of the canal ͑Fig. 1͒. The test area has a uniform slope angle of 22 deg and a uniform slope height of 11 m ͑measured from the top of the retaining wall͒. About 5 m away from the toe of the slope, there is a 3-m high masonry retaining wall. The depth of the canal below the slope toe is about 3.5 m. There is a 1-m wide berm at the mid-height of the slope. The slope surface was originally well grassed but no trees were present. It should be noted that before instrumentation the grass was uprooted by removing the top soil to a depth of about 100 mm.
Borehole investigations were carried out to determine the ground conditions below the slope surface. Three groups of boreholes were located in the upper, middle, and lower parts of the slope. The soil profiles obtained from the boreholes are shown in Fig. 2 . The predominant stratum below the slope surface is a brownyellow mottled gray clay. The clay layer is sometimes interlayered with thin layers of gray clay or iron concretions. The expansive clay is a silty clay with an intermediate plasticity ͑PI= 30, LL= 49.5͒. One-dimensional free swelling measured for the natural specimens ranges from 8 to 9 % ͑corresponding to an air-dry initial state and an initial dry density of 1.7 Mg/ m 3 ͒. The soil can be classified as a medium expansive soil in accordance with the criterion proposed by Sridharan and Prakash ͑2000͒. The upper soil layer, with a thickness varying from 1.0 to 1.5 m, was rich in cracks and fissures, particularly at the upper part of the slope. Figure 3 shows a picture of cracks and fissures observed on an excavation surface near the monitoring area. Four main open cracks were observed within a surface area of 1-m wide. The maximum width of the open cracks was about 10 mm. The soil also contained a variety of narrower cracks. Some open cracks were observed to penetrate to a depth of approximate 1.2 m. Figure 4͑a͒ shows variations of natural water content with depth obtained at the upper, middle, and lower parts of the slope. The data were achieved by taking soil samples down to a depth of 2.4 m with an auger. Within a depth of 1 m, the values of natural water content at the upper and middle parts of the slope were significantly less than those at the lower part of the slope. Figure 4͑b͒ shows the in situ relationship between water content and soil suction, along with the soil-water characteristic curves ͑SWCC͒ measured on the intact samples taken from the research slope. Although the data points from the in situ measurements are relatively scatter, the average value seems to be close to the adsorption curve of the SWCC. It should be noted that the adsorption curve starting from a higher suction ͑e.g., 1000 kPa͒ would be lower than the one starting from a suction of 200 kPa. Double-ring infiltration tests were also carried out around the monitoring area to measure the infiltration rate of the soil layer near the ground surface. The measured infiltration rate ranged from 10 −7 to 10 −4 m / s, depending on the cracking conditions in the ground. The initial infiltration rate at the cracked ground as shown in Fig. 3 was quite large ͑i.e., in the order of 10 −4 m/s͒ due to the bypass flow into the open cracks. However, the infiltration rate decreased dramatically with test duration as a result of rapid crack closure, which was caused by a wetting-induced swelling of the unsaturated expansive clay. Within twelve hours, the infiltration rate 
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tended towards a steady value in the order of 10 −7 m / s, which was close to the initial infiltration rate measured in the ground without obvious open cracks.
Instrumentation Program

Layout of Instruments
An area, 16-m wide by 31-m long with a bare surface ͑Fig. 1͒ was selected for the instrumentation and artificial rainfall tests. The instruments included jet-fill tensiometers, thermal conductivity suction sensors ͑Fredlund et al. 2000͒, Thetaprobes for determining water contents ͑Thetaprobe 1999͒, vibrating wire earth pressure cells, inclinometers, vertical movement points, a purposelydesigned rainfall simulator, a rain gage, and a vee-notch flow meter. The layout of all the instruments is shown in Fig. 5 . The details for each instrument are summarized in Table 1 .
There were three rows of instrumentation for soil suction and water content monitoring. These were: R1 at the upper part, R2 at the middle part, and R3 at the lower part of the slope. In each row, there were seven to nine suction sensors ͑i.e., jet-filled tensiometers or thermal conductivity sensors͒ and four Thetaprobes. The sensors at each row were spaced 1 m apart. Most of the sensors were embedded within 2 m from the surface. For each depth, there were generally two soil suction sensors and one Thetaprobe so that the measured data from the three sensors could be verified one against another. Another purpose for this arrangement was to obtain an in situ relationship between soil suction and water content ͑see Fig. 4͒ .
The selection between the use of tensiometers and thermal conductivity sensors depended on the compatibility of the measuring range of the instruments and the soil suction that was anticipated at a specified location and depth.
Three pairs of earth pressure cells were installed for monitoring horizontal total stresses in two orthogonal directions ͑Fig. 5͒. For each pair, one earth pressure cell was installed to measure the horizontal stress in the north-south direction ͑i.e., the same as the inclination direction of the slope͒, the other was placed in the east-west direction ͑i.e., parallel to the longitude direction of the canal͒. All the six earth pressure cells were installed vertically at a depth of 1.2 m.
Two inclinometers were installed: one near the middle of the slope and the other near the toe of the slope. Both the inclinometers were extended down to the hard layer with coarse and hard calcareous concretions. Three rows of settlement points were set up to monitor the swelling of unsaturated expansive clay upon wetting. They were located near the three main rows of instrumentation ͑R1, R2, and R3͒. Each row had four settlement points founded at depths of 0.1, 0.1, 0.5, and 1.0 m, respectively. Two leveling datum marks were constructed 20 m outside the artificial rainfall area and founded at 3 m deep. These two datum marks were monitored and checked using a city grid datum located over 100 m away from the site.
A purposely-designed sprinkler system was installed to produce artificial rainfall over the monitoring area, which will be discussed in detail later. A tipping-bucket rain gage was used to record the intensity and the duration of rainfall. Flow meters were installed in the main water supply line of the sprinkler system to record the total amount of water sprinkled onto the slope within a given time interval. A water collection trench was constructed along the toe of the slope to measure surface runoff using an automatic vee-notch flow 
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meter system located at the end of the channel. An evaporimeter was situated at the middle of the slope outside the monitoring area to measure potential evaporation.
Apart from the two inclinometers and the settlement points, all other instruments were connected to the computerized data acquisition system housed at the top of the slope.
Instruments, Calibrations, and Installing Methods
Jet-filled Tensiometer-Jet-filled tensiometers manufactured by Soilmoisture Equipment Corporation ͑Model 2725͒ were used to measure negative pore-water pressure in the slope. The general installation procedure recommended by the manufacturer consists of coring a hole with a proper diameter and then inserting the tensiometer into the hole ͑Soilmoisture 1997͒. In some trial tests, however, it was found that the procedure is not suitable for this crack-rich expansive clay. This is because the cracks near the ground surface are likely to lead to a bypass water leakage into the installation hole, resulting in erroneous readings. Figure 6 shows the effect of the bypass water flow on the measurements of tensiometers. The measurements were carried out in the ground where a double ring infiltration test lasting one week had been completed. One day after removing any extra water on the ground surface, a total of seven jet-filled tensiometers were installed at different depths within 1.6 m. The installation of each tensiometer followed the above-mentioned procedure. After installation, the ground surface was covered with a membrane to produce a zero flux boundary. As shown in Fig. 6 , the measured suctions from each tensiometer significantly decreased with time, and the tensiometer embedded at a depth of 1.1 m recorded a suction close to zero. It is acknowledged that the decrease of suction recorded by the deep tensiometers could be attributed to a downward redistribution of the infiltrated water. However, the significant decrease of suction recorded by the shallow tensiometers indicated there existed a bypass water flow through the gap between the tensiometer tube and the wall of the installation hole. This was further supported by the excessive water observed at the bottom of the installation hole with a depth of 1.1 m.
To prevent rainwater from leaking into the installation hole through the shallow cracks, two installation methods were used in this field study. One procedure involved installing a sealing tube in the installation hole, while the other involved backfilling the installation hole. The installation procedure for the former method is described as follows ͑see Fig. 7͒ : First, a hole of 100-mm diameter was augered down to 100 mm above the prescribed embedment depth. Then, a PVC tube of 75 mm in outside diameter was placed centrally in the hole. The annular gap between the pipe and the wall of the hole was backfilled with a soil-cement mixture or moist soils. To obtain a good seal, the backfill materials were tamped to a relatively high density. Last, a small diameter hole was cored inside the PVC tube to the prescribed depth to install the tensiometers. After placement of the sensor, a seal was placed on top of the PVC tube to prevent rain from entering the hole as well as to prevent water evaporation from the soil at the bottom. Some trials prior to final installation indicated that the proposed procedure was able to pro- vide a satisfactory seal. It should be noted that the PVC tubes installed in expansive soils should be strong enough to withstand the negative friction force created by the nonuniform upheaving of the swelling soil upon wetting. In this field study, three PVC tubes ͑1-mm in thickness͒ were found to be fractured, and hence water leakage was observed in the installation holes after the rainfall simulation tests. The installation procedure described above appears to be somewhat troublesome, but it greatly facilitated the removal of sensors embedded at a considerable depth after use. The suction sensors ͑including tensiometers and thermal conductivity sensors͒ and moisture probes with an installation depth greater than 1 m, were installed by this procedure. For the suction sensors and moisture probes with an installation depth of less than 1 m, the second installation method, i.e., direct backfilling, was adopted as follows. First, a hole was drilled to a prescribed depth using an auger with a diameter about 40 mm larger than the tube of the tensiometer. Second, a smaller hole with a size equivalent to the ceramic cup of the tensiometer was cored and the tensiometer was inserted into this hole. Finally, the space above the small hole was backfilled with moist soil. To obtain a good seal, the backfill was tamped to a dry density of about 1.5 Mg/ m 3 . Care was taken to avoid breaking the ceramic cup at its connection to the tube during tamping. This installation method provided a reliable seal against leakage and was simpler than the previous method. However, recovering the instruments requires considerable excavation work, particularly for the sensors embedded at large depths.
It is important to obtain a good contact between the ceramic tip of the suction sensors and the surrounding soil. The expansive clay in the field was relatively stiff. For each installation hole, its diameter was made slightly larger than the diameter of the ceramic tip. Moist kaolin paste was smeared on the ceramic tip just prior to placement of the sensor in the hole. The kaolin paste was very thin, and hence its effect on the suction measurement was insignificant. Figure 8 illustrates the response time observed for three tensiometers located at the lower part of the monitoring slope. During the time slot shown in the figure, each of the tensiometers was refilled twice by pressing the jet-fill button. It can be seen that the response time depended on the suction values recorded at equilibrium. The greater the suction existed in the soil, the longer it took to reach equilibrium. The response time after the refilling service was about half a day for the two tensiometers recording suctions greater than 40 kPa, and it was about three hours for the tensiometers recording a suction less than 20 kPa. It is noticed that the first response time just after the completion of installation was somewhat longer than the time needed to recover from the jet refilling service. The longer delay may be attributed to the moist kaolin paste smeared on the ceramic tip of the tensiometers.
Thermal Conductivity Suction Sensor-The thermal conductivity sensors used in this study were developed at the University of Saskatchewan ͑Shuai and Fredlund 1999; Fredlund et al. 2000͒ . The attractiveness of this type of suction sensor lies primarily in its ability to produce a reasonably reliable measurement of soil suction over a relatively wide range ͑i.e., 5 to 1500 kPa͒ and over a long period of time without servicing. Prior to use, a laboratory calibration for each sensor is required to establish the correlation between sensor output and matric suction. The calibration was carried out in a tempe-type pressure plate cell by following the procedure proposed by Shuai and Fredlund ͑1999͒. Figure 9 shows a representative calibration curve obtained for one of the sensors used in this study ͑i.e., R2-TC-0.6͒. The calibration started from a saturated condition, and the ceramic block of the sensor was dried to a maximum suction of 400 kPa by increasing suction in succession. A complete drying calibration curve was obtained by best fitting the data points into the equation shown in Fig. 9 . It is well known that the ceramic block of the sensor must exhibit a hysteresis 
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characteristic. The wetting curve for each of the sensors used in this study was deduced by using the hysteresis model proposed by Feng et al. ͑2002͒ as well as the parameters obtained from his laboratory study. It should be noted that all the sensors used in this study were made of the same type of ceramic block as the sensors studied by Feng et al. ͑2002͒ .
It is known that soil temperature at the installation point also affects the accuracy of the thermal conductivity suction sensors. The correction method proposed by Fredlund et al. ͑2000͒ was used to account for this effect. In this study, it was found that the atmosphere temperature could also impose a significant influence on the output from the thermal conductivity sensors ͑see Fig. 10͒ . Just after the completion of installation, all the signal cables extending from the installation point to the data acquisition system ͑ranging from 50 to 70 m͒ were exposed in the atmosphere. The daily fluctuation of atmosphere temperature during the period was between 20 and 40°C. As shown in Fig. 10 , the output voltage decreased as the atmosphere temperature increased in the morning, reaching a minimum value shortly after noon, and then recovering with a decrease of air temperature in late afternoon. The deeper the sensor was embedded, the more significant fluctuation in the output voltage was observed. The reason for the significant fluctuation of output voltage is still unclear. One possible reason is that the atmosphere temperature resulted in a change in the electric resistance of the signal cables and hence affected the supply voltage to the heater in the sensor. To solve this problem, all the signal cables were embedded underground to a depth of 0.4 m. It was found that this measure was effective to eliminate the effect of air temperature. Figure 11 shows a comparison of monitored results between the thermal conductivity sensor and the jet-filled tensiometer. The two sensors, being spaced two meters apart, were both embedded at the depth of 1.6 m. As compared with the thermal conductivity sensor, the jet-filled tensiometer recorded a more sensitive response of pore-water pressure to the change of the boundary flux on the slope surface. The tensiometer was able to record a certain positive pore water pressure because its vacuum gage was located at an elevation higher than its ceramic tip. However, the thermal conductivity sensor was unable to do that. In addition, the thermal conductivity sensor cannot capture the changes of pore-water pressure ͑in the order of 10 kPa͒ caused by the subsequent drying/wetting cycle. This may be attributed to the hysteresis nature of the sensors.
Moisture Probe-The moisture probe used in this field study is called a Thetaprobe ͑manufactured by Delta T Device Ltd.͒. The device uses the standing wave technique to measure the apparent dielectric constant of a soil, which is then correlated to the volumetric water content of the soil ͑Thetaprobe 1999͒. The measurement of the Thetaprobe can be affected by variations in soil density and composition. An in situ calibration was carried out in an excavation pit with a depth of 2 m. The calibration consisted of inserting a Thetaprobe into the soil to measure its output voltage, and taking samples for determining dry density and gravimetric water content. The calibration result in terms of output voltage and volumetric water content is shown in Fig. 12 . The figure also shows the change of dry density along the depth in the pit. It can be seen that the maximum variation of the data points against the best fitting curve was approximately 3 %. Another difficulty encountered with the measurements in the unsaturated expansive clay was that the cracks were likely to result in air pockets around the sensing rods of the Thetaprobes. The cracking feature could also result in inaccurate readings. Hence, it is estimated that the overall error associated with the measurement of volumetric water content by using a Thetaprobe could be as large as 5 %. Regardless of these, the Thetaprobes used in this study were useful for reflecting the response of water content to the artificial rainfall events. This is because each Thetaprobe was installed at a specific point, where soil composition and density basically kept unchanged.
The installation of Thetaprobes is relatively simple. A hole was cored to the prescribed depth and then the probe was inserted into the soil. During insertion, care should be taken to avoid forming any air pockets around the rods of the Thetaprobe. Similar to installation of the suction sensors, the installation hole should be sealed from any undesirable bypass flow as previously discussed. 
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Earth Pressure Cell-The earth pressure cells used in this study were of the hydraulic type and were manufactured by Encardio-Rite Company. The earth pressure cell basically consists of a circular, flat pressure sensing plate ͑200-mm in diameter and 7-mm thick͒, a steel connecting tube ͑6-mm in diameter͒ and a standard Encardio-Rite vibrating wire pressure transducer. The vibrating wire pressure transducer is individually temperature compensated to eliminate the necessity of stress corrections due to temperature changes.
A purposely designed installation procedure was adopted to minimize the effect of soil disturbance during excavation on the measurement of earth pressure. The procedure is similar to that proposed by Brackley and Sanders ͑1992͒. The difference lies in the placing posture of the pressure cell. In this study, each pressure cell was placed with its long axis being parallel to the horizontal direction ͑see Fig. 13͒ . This placement was to prevent the connecting rod from being distorted ͑or even broken off͒ by a nonuniform lateral soil displacement along the depth. Brackley and Sanders ͑1992͒ placed the cells vertically. As shown in Fig. 13͑a͒ , the slot for accommodating the flat plate of the pressure cell ͑7-mm thick͒ was made to be only 12-mm wide. The cutting and final trimming of the slot were done with the special cutting devices shown in Fig.  13͑b͒ . As suggested by Brackley and Sanders ͑1992͒, a certain epoxy resin was used to fill the narrow clearance between the side wall of the slot and the pressure cell in place. The thin skin of epoxy resin adhered securely to both the cell and the soil, providing good contact. The epoxy resin would also allow for a transmission of a tensile force between the cell and the soil. Hence, the earth pressure cell can register a tensile stress induced by the shrinkage of unsaturated expansive clays upon drying.
Each of the pressure cells used in this study had been calibrated by the manufacturer with a hydraulic method. The calibrations for each pressure cell were verified after delivery in the laboratory using the hydraulic method. After the completion of the field monitoring, all six earth pressure cells were retrieved from the testing site for recalibration. During the recalibrations, the epoxy resin adhering to the cell surface was kept in place. It was found that the values of linear factor for all the six cells obtained from the recalibrations were essentially consistent with those obtained by the manufacturer ͑see Table 2͒ , except a slight zero drift for two of the six cells. The zero drift may be due to the distortion of the connecting rods during the retrieving of the cells. The recalibration results also indicated that the hysteresis effect of the earth pressure cells was negligible.
It is known an arching effect always exists around an earth pressure cell and affects its measurement. The aspect ratio ͑i.e., the ratio of width to thickness͒ of each earth pressure cell used in this study is more than 20 to 1, so the arching effect can be greatly reduced. An extensive in situ calibration program had been carried out in an unsaturated expansive clay by Brackley and Sanders ͑1992͒. The calibration factors ͑ratios of actual pressure/pressure from hydraulic calibration͒ obtained were found to be 0.85 and 0.73 for the two gages of the pressure cell ͑side A and B͒, respectively. No in situ calibration was carried out in this field study. A calibration factor of 0.8 was adopted to interpret the measured results since the soil in this field study was similar to the soil studied by Brackley and Sanders ͑1992͒ ͑i.e., a stiff and fissured expansive clay͒.
Inclinometer and Vertical Movement Point-The in-
clinometer probe used in this field study was manufactured by Sinco Slope Indicator Company, Seattle, WA ͑Model 50309͒. Its measuring range is ±12°. A plastic casing ͑70 mm in outer diameter͒ with two orthogonal tracking grooves was used. To install each casing, a borehole was drilled down to the stable soil layer with coarse and hard calcareous concretions. After placing the casing, the borehole was backfilled with sand for the depths greater than 2 m. However, the upper part with a length of 2 m was backfilled with the moist clay soil and recompacted to a relatively high density using a small diameter tamper. The clay backfill was meant to prevent rainwater from leaking into the installation hole through the shallow cracks and wetting the soil layer below the true wetting front. The vertical movement point consisted of a steel bar riser with one end embedded in a concrete block and an outer pipe. The construction of the outer pipe allowed for free movement of the inner riser. The vertical movement of the soil layer beneath the concrete block was measured by surveying the elevation of the top of the steel bar riser. To set up the subsurface movement point, a hole with a diameter slightly larger than the diameter of concrete block ͑100 mm͒ was drilled down to the required depth. Then the concrete block with the steel riser was placed centrally down to the hole. When setting up the outer pipe, its bottom was made to be spaced 50 mm apart from the top of the concrete block. This effort was to eliminate the constraint effect of the outer pipe on the swelling of the underlying soil. The clearance between the outer pipe and the wall of the installation hole was backfilled with moist soils and compacted to a high density.
Artificial Rainfall Simulator-Rainfall was produced artificially using a purposely designed sprinkler system. The artificial rainfall was used to accelerate the field test program. The sprinkler system mainly comprised a pump, a main water supply line, three groups of distribution tubes ͑numbered by 1, 2, and 3, respectively͒, 35 sprinkler heads and accessories ͑including valves, filters, flow meters, and pressure meters͒ ͑see Fig. 14͒ . The system could produce three levels of rainfall intensity ͑i.e., approximately 3, 6, and 9 mm/h͒ by regulating the controlling valves. The lowest, medium, and highest levels of rainfall intensity were controlled by opening three distribution tubes ͑i.e., A, E, and I͒, six distribution tubes ͑i.e,. A, C, E, F, G, and I͒, and all ten distribution tubes, respectively. The sprinkler heads for the three groups were arranged in such a way that a relatively uniform rainfall could be produced. Flow meters were installed on the main water supply line to record the total amount of water sprinkled onto the slope within a given time interval. The measured flow rate can be used to calculate the average rainfall intensity.
As shown in Fig. 14 , if a higher level of rain intensity is selected, more sprinkler heads are put into operation, and hence a more uniform rainfall will be achieved. In this study, the lowest level of artificial rainfall intensity ͑i.e., 3 mm/ h͒ was selected. In other words, only three distribution tubes ͑i.e., A, E, and I͒ were put into operation. The spacing of neighboring sprinker heads was 8 m in the longitudinal direction and 6 m in the transverse direction. To investigate the uniformity of the rainfall distribution, a tipping bucket rain gage was in turn situated at five representative locations within the representative elemental area ͑see Fig. 14͒ . The measured rainfall intensities are also shown in Fig. 14 . It can be seen that the spatial distribution of the simulated rainfall corresponding to the lowest level ͑i.e., 3 mm/ h͒ was not quite uniform. The rainfall intensity at the center of the representative area was significantly less than those at the other locations. The lack of uniformity in the rainfall distribution could impose an influence on the monitoring results, but the duration of the influence was estimated to be approximately one day for the expansive soil slope. Double ring infiltration tests showed that the infiltration rate in the cracked expansive soil quickly decreased from 100 to 1.4 mm/ h within a duration of twelve hours. This means that surface runoff would take place on the slope surface shortly after the commencement of the simulated rainfall-with an intensity of 3 mm/ h. The surface runoff would redistribute rainwater on the slope surface and make up for the area having a lack of rainfall. The above postulation was essentially verified by the field monitoring results to be presented in the latter part of this paper.
Vee-notch Flow Meter-A vee-notch flow measuring system was developed for the automatic measurement of the water flow from surface runoff. Figure 15 shows the layout of the flow measuring system. The system basically consists of a vee-notch weir installed at the end of the water collection trench and a water level indicator connected to the water in the trench. The water level indicator comprises an acrylic cylinder, a float barrel housed in the cylinder, and a linear variable displacement transducer ͑LVDT͒ mounted on the barrel. The change of water level above the veenotch weir is measured by monitoring the change in the level of the float barrel by using the LVDT. The water height through the veenotch weir can be calculated from the initial height and the recorded change in water level. The correlations among the flow rate, the water height on the vee-notch weir, and the reading of the LVDT were calibrated in the field. The calibration results shown in Fig. 16 indicated the maximum error of the automatic measuring system was in the order of 0.03 m 3 /h.
Consistency of Monitoring Results from Various Instruments
As mentioned in the introduction, the observed performance of the slope subjected to the simulated rainfalls has been presented in Ng et al. ͑2003͒ . This paper will only concentrate on the consistency in the recorded responses from the various instruments. For this purpose, the responses recorded by the seven instruments located at mid-slope ͑i.e., at section R2͒ and at the same depth of 1.2 m are selected for presentation ͑see Fig. 17͒ .
As shown in Fig. 17͑a͒ , two artificial rainfall events were created during the one month monitoring period, from 13 August to 12 September 2001. The first rainfall event lasted for seven days, from the morning of 18 August to the morning of 25 August 2001. The second rainfall event was from the morning of 8 September to the afternoon of 10 September 2001. The artificial rainfall intensity was controlled at approximately 3 mm/ h except the regular stoppage of rainfall every day. The stoppage was done to allow for taking measurements from the inclinometers and the movement points as well as taking samples for determining the change of water content with depth. In addition, a natural precipitation of 28 mm occurred to the field on 20 August 2001. Figure 17͑b͒ shows the change of surface runoff with time. The percentage of surface runoff is equal to the ratio of the measured surface runoff to the rainfall intensity. During the first rainfall period, surface runoff did not take place until one and a half days had passed. During the second rainfall period, surface runoff began to take place after twelve hours of rainfall. Once the surface runoff commenced, its magnitude increased significantly with the duration of rainfall. Figure 17͑c͒ shows the changes of pore-water pressure obtained from the two tensiometers installed at the same depth of 1.2 m but spaced 2 m apart. It can be seen that the two response curves are fairly consistent with each other. Similar to the delayed onset of surface runoff, the tensiometers began to register a response only after the first rainfall lasted for one and a half days. A significant increase of pore-water pressure ͑or loss of suction͒ was caused by the rainfall infiltration. During the two week no-rain period following the end of the first rainfall, a slight recovery in negative porewater pressure ͑about 10 kPa͒ was recorded by the two tensiometers. However, the recovery was quickly undermined by the second artificial rainfall event starting on 8 September 2001. As shown in Fig. 17͑d͒ , the response of volumetric water content recorded by the Thetaprobe was generally consistent with the response of pore-water pressure. There was a delay of about two days in the response of volumetric water content during the first rainfall period. A significant increase in volumetric water content was recorded by the Thetaprobe. It was found that the response of volumetric water content to the cessation of the first rainfall seemed to show more delay than the corresponding response of pore-water pressure. This may be related to the hysteresis characteristic in the relationship between suction and water content. Figure 17͑e͒ shows the change of total horizontal stress with time recorded by the two earth pressure cells installed at mid-slope. Prior to the first rainfall, the pressure cell EP2 registered a small tensile horizontal stress, probably resulting from drying-induced shrinkage of the expansive soil. Being consistent with the response of pore-water pressure, a delay of about one and a half days was also observed for the response of the pressure cells to the commencement of the first rainfall. A significant increase of horizontal stress was recorded as a result of the development of swelling pressure in the horizontal direction. The magnitude of horizontal stress in the east-west direction was obviously larger than that in the north-south direction. This was probably related to a greater constraint imposed as a result of slope ground in the east-west direction as opposed to that in the north-south direction ͑Ng et al. 2003͒ . Figure 17͑f͒ shows horizontal displacements of the ground at a depth of 1.2 m in response to the simulated rainfalls. The results were deduced from the rotation measured along the inclinometer I1 at the middle of the slope. The results show that the ground moves toward the down-slope direction as expected and towards the east direction caused by the presence of slightly dipping geological planes. The recorded response of horizontal displacement to the simulated rainfalls was generally consistent with the variations in pore-water pressure and volumetric water content shown in Figs. 17͑c͒ and 17͑d͒. The horizontal displacements began to increase after about two days of rainfall, and kept increasing until the cessation of the first rainfall. Some recovery of horizontal displacement ͑i.e., elastic response͒ is observed with respect to both directions during the two week no-rainfall period ͑i.e., from 25 August to 7 September 2001͒. Figure 17͑g͒ shows the vertical swelling in response to the simulated rainfalls measured from the movement point installed at a depth of 1 m at the middle of the slope. It can be seen that the movement point did not register any response during the first rainfall period ͑from August 18 to August 25͒. In other words, the soil beneath 1 m appeared to show a longer delay in the response of vertical movement than all the other measurements ͑pore-water pressure, volumetric water content, horizontal stress, and displacement͒. The soil beneath 1 m started to swell one day after the cessation of the first rainfall, and continued to swell throughout the remainder of the monitoring period. One possible reason for the substantial delayed soil swelling was that the movement point happened to be embedded inside a local soil mass without.
Conclusions
The comprehensive instrumentation presented in this paper is able to provide an improved understanding on the complex soil-water interaction in the unsaturated expansive soil slope subjected to rainfall infiltration. The recorded responses in pore-water pressure, water content, horizontal stress, and soil deformation in this field study were reasonably consistent with one another. The experience associated with the instrumentation in the stiff and crack-rich expansive soil will be helpful to the researchers who perform a field study on a similar soil. The experience includes the deliberate sealing procedures adopted for installation of the suction sensors and moisture probes, the measurement of a tensile stress induced by soil shrinkage, and the field performance of several unconventional instruments including the thermal conductivity suction sensors, the Thetaprobes, and the purposely designed rainfall simulator.
